Abstract Inosine is an endogenous purine nucleoside, which is formed during the breakdown of adenosine. The adenosinergic system was already described as capable of modulating mood in preclinical models; we now explored the effects of inosine in two predictive models of depression: the forced swim test (FST) and tail suspension test (TST). Mice treated with inosine displayed higher antiimmobility in the FST (5 and 50 mg/kg, intraperitoneal route (i.p.)) and in the TST (1 and 10 mg/kg, i.p.) when compared to vehicle-treated groups. These antidepressantlike effects started 30 min and lasted for 2 h after intraperitoneal administration of inosine and were not accompanied by any changes in the ambulatory activity in the open-field test. Both adenosine A 1 and A 2A receptor antagonists prevented the antidepressant-like effect of inosine in the FST. In addition, the administration of an adenosine deaminase inhibitor (1 and 10 mg/kg, i.p.) also caused an antidepressant-like effect in the FST. These results indicate that inosine possesses an antidepressant-like effect in the FST and TST probably through the activation of adenosine A 1 and A 2A receptors, further reinforcing the potential of targeting the purinergic system to the management of mood disorders.
Introduction
Depressive disorders are severe types of psychiatric conditions that affect about 16 % of the population during their lifetime and they are predicted to become the second leading cause of disability by the year 2020 [1] [2] . There is still a lack of a clear understanding of the molecular basis associated with these conditions and the efficacy of the therapeutic approaches is still far from optimal [2] .
Today, it is generally accepted that the purinergic system, in particular the adenosinergic system, is capable of influencing the development and course of several psychiatric disorders [3] . This assumption is typified by clinical and preclinical studies showing that different therapeutic strategies used to manage mood disorders cause effects related to the adenosinergic system modulation. In addition, evidence from animal models shows that the manipulation of adenosine receptors modifies behavioral responses considered relevant for mood function in humans [3, 4] . The involvement of the adenosinergic system in depression is strongly supported by its neuromodulatory role, especially in cellular targets strongly implicated in the pathogenesis of this disorder. Adenosine receptors, especially the inhibitory A 1 and the facilitatory A 2A receptors, are able to control several neurotransmission systems, such as dopaminergic, glutamatergic, and serotoninergic systems as well as hormones of the hypothalamic-pituitary-adrenal axis [5, 6] . In addition, these receptors control the release of inflammatory cytokines and also the signaling effects promoted by growth factors [3] .
Inosine is an endogenous purine nucleoside, which is formed during the breakdown of adenosine by the enzyme adenosine deaminase [7] . The deamination of adenosine to inosine occurs mainly at high intracellular concentrations of adenosine, which are associated with cellular stress or with the activation of the sympathetic nervous system [8, 9] . When inosine reaches high concentrations inside the cell, it is shunted into the extracellular space by bidirectional, equilibrative, nucleoside transporters and many of the cellular actions of inosine occur through its binding to adenosine receptors, especially A 1 , A 2A , and A 3 receptors [10] . Of all the nucleosides and their metabolites, inosine has the highest overall concentration in the brain, especially in the basal ganglia and frontal cortex [11] , two regions strongly affected in mood-related disorders [12] .
In spite of the originally described lack of biological effects, it is increasingly clear that inosine can act as a potent immunomodulatory and neuroprotective compound [10, 13] . Several works emerged indicating that inosine attenuates the production of pro-inflammatory cytokines [14, 15] ; induces antinociceptive, antiallodynic, and antihyperalgesic effects [16, 17] ; and is protective in animal models of sepsis, ischemia, and autoimmunity [10] . In addition, inosine preserves the viability of glial and neuronal cells during hypoxia, and stimulates axonal regrowth after injury [7, 9, 18] . Recent evidence also indicates that extracellular inosine has the ability to stimulate various growth factors and restore cell energy [8, 19, 20] .
Several studies have highlighted that most of the physiological effects of inosine, mainly the neuroprotective and antiinflammatory effects, are due to its ability to activate adenosine receptors. Since we have previously demonstrated that the administration of adenosine elicits antidepressant-like effect in the forced swim test (FST) and tail suspension test (TST) in mice, mediated by both A 1 and A 2A receptors [21] , the aim of the present work was to elucidate the role of inosine, the primary by-product of adenosine, in predictive models of depression in mice and the possible involvement of both adenosine A 1 and A 2A receptors.
Materials and methods

Animals
Male Swiss mice (8 weeks old, weighing 35-40 g) were used throughout this study. Animals were maintained at 21-23°C with free access to water and food, under a 12:12 h light/dark cycle (lights on at 0700 hours). All manipulations were carried out between 9:00 and 1600 hours, with each animal used only once. All procedures in this study were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and the Ethics Committee of the Institution and all efforts were made to minimize animal suffering.
Drugs and treatment
The following drugs were used: inosine and N 6 -cyclohexyladenosine (CHA) (Sigma Chemical Co., USA) which were dissolved in saline,
, and erythro-9-(2-hydroxy-3nonyl) adenine (EHNA, Sigma Chemical Co., USA) dissolved in saline with 5 % DMSO. Appropriate vehicle-treated groups were also assessed simultaneously. The compounds were administered by intraperitoneal (i.p.) route in a constant volume of 10 ml/kg.
Inosine or EHNA were injected 30 min before the tests, except in the time course experiments in which inosine was tested from 30 min until 480 min after its i.p. administration. The adenosine A 1 and A 2A receptor agonists CHA and DPMA, respectively, were also administered 30 min before the FST. The adenosine A 1 and A 2A receptor antagonists DPCPX and ZM241385, respectively, were administered 60 min before the tests. All the doses and the administration schedule were chosen on the basis of previous results [21, 22] .
Forced swimming test
The forced swimming test was described by Porsolt et al. [23] . Briefly, mice were individually forced to swim in an open cylindrical container (diameter, 10 cm; height, 25 cm), with water at 25°C and the total duration of immobility during a 6-min period was scored [24] . Mice were judged to be immobile when they ceased struggling and remained floating motionless in the water, making only those movements necessary to keep its head above water.
Tail suspension test
The total duration of immobility induced by tail suspension was measured according to the method described by Steru et al. [25] . Briefly, mice both acoustically and visually isolated were suspended 50 cm above the floor by adhesive tape placed approximately 1 cm from the tip of the tail. Immobility time was recorded during a 6-min period [26] .
Open-field test
Locomotor and exploratory behaviors were monitored using an open-field apparatus, as previously described. The apparatus consisted of a wooden box measuring 40×60×50 cm with a frontal glass wall. The floor of the arena was divided into 12 equal squares and placed in a sound-free room. Animals were placed in the rear left square and left to explore it freely for 6 min during which time the number of squares crossed with all paws (crossing) was counted. The apparatus was cleaned up with a 10 % alcohol solution and dried after each individual mouse session [24] .
Statistical analysis
The comparisons of data between experimental and control groups were performed by one-way or two-way analysis of variance (ANOVA) followed by Duncan's post hoc test when appropriate. P<0.05 was considered to represent a significant difference. 
Results
Antidepressant
Discussion
It is becoming increasingly clear that alterations in the purinergic system are involved in the development and course of psychiatric disorders, including depression [4] . The present study demonstrates for the first time that inosine, a nucleoside formed through the breakdown of adenosine, produced a significant antidepressant-like effect in the FST and TST. Our data also provide evidence for the involvement of adenosine A 1 and A 2A receptors in the antiimmobility effect of inosine in the FST.
The FST and TST are two of the most widely used predictive animal models of antidepressant activity. They were designed to evaluate antidepressant activity of compounds and to investigate their mechanism of action. In these tests, the immobility time of animals placed in an inescapable and acute stressful situation is measured and an increase of escape-oriented behaviors is considered an antidepressant-like behavior [23, 25] . The validity of the FST and TST is based on the observation that many different classes of antidepressants reduce immobility time of mice in this paradigm [23, 25] . After treatment with inosine, mice displayed a significant reduction of immobility time in both FST and TST. A lower dose of inosine was already able to produce an antidepressant-like behavior in mice when compared to the FST reinforcing the notion that the neurochemical pathways mediating behavior despair in the FST and TST are not identical [27] . One of the major concerns of these models is that psychostimulant compounds may show false-positive effects. However, our data demonstrated that the anti-immobility effect of inosine cannot be attributed to a psychostimulant action, since inosine did not produce alterations in the locomotor activity assessed in the openfield test.
Dysfunction of the purinergic signaling has already been suggested to play an important role in the pathogenesis of depression. There is evidence that different therapeutic strategies used to control mood disorders are associated to the adenosine modulation system. In addition, data from preclinical models show that the manipulation of adenosine receptors modifies behavioral, neuroendocrine, and neurochemical responses that accompany mood disorders [3, 4, 6] . Our group previously demonstrated that adenosine administration elicits an antidepressant-like effect in the FST and TST by a mechanism that involves the activation of adenosine A 1 and A 2A receptors [21] . In addition, other purine-based nucleosides and nucleotides like guanosine and GMP also present antidepressant properties in these preclinical tests [28, 29] .
The antidepressant-like effects of inosine observed in the FST persisted for 2 h after systemic administration. Indeed, literature data have shown that intraperitoneal or even oral administration of inosine may elicit several biological effects, including antinociceptive responses in different models of nociception [16, 17] , neuroprotective activity against hypoxic-ischemic brain damage [30] , and axonal regrowth [31] . Inosine has a high safety profile and is devoid of any particular side effects. Moreover, literature data show that inosine has been safely given to humans for prolonged periods of time [32, 33] .
The cellular and molecular mechanisms underlying the effects of inosine are incompletely understood. Our work corroborates literature data by showing that inosine acts, at least in part, via activation of adenosine A 1 and A 2A receptors [16] . Indeed, the activation of these receptors produces antidepressant-like effects in the FST [21] and is responsible, at least in part, for the antidepressant-like effects of compounds like adenosine [21] and zinc chloride [34] . However, recent works have indicated that inosine might have other potential targets like the other adenosine receptors, the protein kinase B (Akt), the nuclear enzyme poly ADP-ribose polymerase, K + channels, and voltage-gated Ca 2+ channels [17, 35, 36] . Inosine may also partially act via its breakdown product, uric acid, which has been consistently shown to be a scavenger of oxyradicals and peroxynitrite [37, 38] . Clinical data show that lowered uric acid levels are associated with depression [39] . Ultimately, since extracellular inosine and adenosine access the intracellular space by competing for the same nucleoside transporters [40] , it is also possible that extracellular inosine can augment extracellular adenosine levels by preventing adenosine uptake and, thus, generating indirect biological effects secondary to adenosine binding to its receptors. In addition, our work demonstrated that the inhibition of the enzyme adenosine deaminase, which converts adenosine to inosine, also produced an antidepressant-like effect in the FST. This result suggests that the pharmacological inhibition of this enzyme would lead to elevation in local extracellular adenosine concentrations, which results in enhanced nonselective stimulation of adenosine receptors and, subsequently in antidepressant-like effect.
Altogether, our results firstly indicate that inosine exerts an antidepressant-like effect that seems to be mediated through an interaction with both adenosine A 1 and A 2A receptors. However, it appears that inosine might act through multiple unrelated pathways, and future studies will be necessary to delineate the nature of these various pathways in its antidepressant-like effect. 
